Autopsy is an important source of data for education and quality control. The aim of this study was comparison of ante-to post-mortem findings to detect weak points of intensive care unit (ICU) care. Patients who died in our 14-bed university medical ICU care and underwent an autopsy examination over 20 months (September 2007 to May 2009 were included. Modified Goldman's criteria were used to categorise discrepancies between diagnoses and post-mortem findings. A triad algorithm was constructed to analyse individual ante-to post-mortem findings. One hundred and seventy post-mortem examinations were conducted (45.6% autopsy rate). Major diagnostic discrepancies were detected in 20 patients (11.8%); four class I (2.4%) and 16 class II (9.4%). Massive pulmonary embolism with cardiac arrest was the most common class I discrepancy (75%). Triad analysis of major class I discrepancies showed that all patients had a history of chronic disease; the majority (75%) had a short ICU length of stay. In 75% adequate tests were used to detect disorders. There were interpretation problems of bedside data in complex emergency clinical conditions, especially with less experienced ICU physicians. Inappropriate or incorrectly interpreted diagnostic procedures were performed in more than half of cases with class II discrepancies (9/16, 56%). Abdominal ultrasonography was misleading in 31% (5/16) cases with class II discrepancies. In conclusion, triad algorithm analysis revealed problematic interpretation of bedside diagnostics in emergency cases by inexperienced physicians in class I major discrepancies detected at autopsy. No correct test and wrong interpretation of abdominal ultrasonography were major causes of class II discrepancies.
As early as 1912, post-mortem examination (PME) was being promoted as a useful medical procedure for correct diagnosis in difficult cases and for the audit of clinical practice contributing to quality assessment 1 . In recent years, the PME rate has fallen worldwide: in the United States the PME rate decreased from 41% in the 1960s to 22% in the 1970s 2 ; in Ireland the rate fell from 30.4% in 1990 to 18.4% in 1999 3 , while in Sweden it fell from 80 to 39% in just one decade (1977/78 to 1987/88) 4 . Baker et al 5 reported a mean autopsy rate of 12.7% in 418 US and Canadian institutions in 1989, with nearly twothirds of centres having an autopsy rate of between 0 and 10%. A number of reasons can explain this decline, including improved ante-mortem diagnostic techniques, the fear of diagnostic errors being identified by autopsy findings, difficulty in obtaining consent from the family, increased workload for the pathologist and doubts regarding the cost/value ratio of the procedure 3, 6 .
Published discrepancy rates between ante-and post-mortem diagnoses vary between 10 and 50% depending on the population studied, the criteria for PME, the completeness of the PMEs and the techniques used to evaluate the differences 4, [6] [7] [8] [9] [10] [11] [12] [13] [14] . The principal pathological entities disclosed by PME have mainly included undiagnosed nosocomial (particularly fungal) infections [10] [11] [12] , pulmonary embolism 6, 8, 10, 15 , myocardial infarction 13 and malignancies 15 .
We have previously shown that PMEs are more often performed on younger patients without chronic disease and in patients with a low clinical diagnostic certainty. No level of clinical diagnostic certainty could predict the pathological findings 16 .
In the intensive care setting, the pace of diagnostic intervention is often accelerated by the rapidly changing and critical state of the patient. Additionally, establishing the diagnosis may be more difficult due to patient's inability to give a history. On the other hand, the likelihood of correct pre-mortem diagnoses has markedly improved with the routine use of diagnostic modalities such as echocardiography, Anaesthesia and Intensive Care, Vol. 39, No. 6, November 2011 computed tomography (CT) scanning, haemodynamic monitoring, percutaneous biopsies and endoscopy 6 .
In recent years, bedside diagnostic tools such as echocardiography, have changed our diagnostic algorithms for the critically ill 17 . Bedside transesophageal echocardiography (TOE) is a valuable tool for diagnosis of massive pulmonary embolism. These cases call for immediate intrapulmonary thrombolysis, which is an effective therapeutic strategy in patients with obstructive shock 17 .
In our medical intensive care unit (ICU), PMEs are facilitated by the Slovene law of presumed consent, whereby PME is allowed, provided that no formal opposition has been registered before death. Nevertheless, if the cause of death is considered obvious, PMEs are not performed routinely. Presumed consent is not extended to research purposes, so the National Ethics Committee must approve any research protocol.
The objective of the present study was to compare individual ante-to post-mortem findings to detect weak points of ICU diagnostics by a triad algorithm. It is hoped this will improve the quality of intensive care.
METHODS
We prospectively reviewed all autopsy findings in patients who died in the 14-bed Center for Internal Intensive Care Medicine at the University Medical Center, Ljubljana and who had an autopsy performed in a 20 month period (September 2007 to May 2009). The study protocol was approved by National Ethics Committee of Slovenia and informed consent was waived.
The medical records in our ICU are kept according to the problem-oriented recording method. The problems detected on admission and during the patient's ICU stay were noted in each patient's record by the attending physician, including the dates of onset and termination of the problem, and were later discussed during the regular daily meetings and rounds. Upon the death of a patient, all staff members jointly discussed the problems that arose during diagnostic procedures and treatment, chronic disease before admission (heart failure, renal failure, chronic obstructive pulmonary disease, cirrhosis, diabetes) and the final clinical diagnoses were agreed and established.
Complete autopsies were performed within 24 hours of death, and the procedure included macroscopic and microscopic assessment of all internal organs and the brain. The clinicians did not attend autopsies regularly, the attending physician had sent a clinical report to pathologist before the autopsy was conducted and the pathologist was therefore aware of the final clinical diagnoses (i.e. the autopsy was not performed 'blind').
At regular weekly clinical-pathological meetings, attended by senior and young ICU clinicians and pathologists, the clinical and autopsy data were presented. Major diagnostic procedures were then analysed (transthoracic/transesophageal echocardiography [TTE/TOE]; abdominal ultrasonography; coronary-angiography, CT or CT-angiography of abdomen/thorax/brain, electro-cardiogram [ECG]) in detail.
During ICU stay, an ECG is recorded at admission and routinely every 24 hours after admission. In comatose patients, after coronary intervention, ECGs are routinely recorded every six hours. Abdominal ultrasonography is performed by the staff of the radiology department, usually by trainees under supervision. All ICU TTE/TOE is performed by the ICU staff.
All ICU physicians had six years basic training in internal medicine with an additional two years of ICU training with an Intensive Care Board Certificate.
Unexpected autopsy findings, the so-called 'discrepancies', were classified using a modification of Goldman's criteria ( Table 1) 18 . Major class I and II discrepancies were analysed further by using a triad algorithm, after consensus of all participants at the clinical-pathological meeting, to analyse the quality of clinical decision making (diagnostic test performance and interpretation). The triad algorithm was based on 10 years experience of continuous assessment of unexpected autopsy findings by senior ICU clinicians prior to the commencement of the study. The major points of our innovative triad algorithm for individual data analysis are: 1. ICU length of stay (LOS) (triad: less than 12 hours, greater than 12 hours and greater than 24 hours). These time periods are based on the lengths of the day/night shifts of our ICU, so if the patient's ICU LOS was greater than 12 hours, he was seen by at least two ICU physicians. 
RESULTS
From 2380 ICU admissions in a 20-month period (September 2007 to May 2009), there were 373 deaths (mortality rate 15.7%). A total of 170 PMEs were performed (autopsy rate 45.6%). There were no differences in gender (male, 63 vs 56%, P=0.5), proportion of out of hospital admissions (62 vs 63%, P=0.9), proportion of patients with chronic disease (80 vs 90%, P=0.5), ICU LOS (3.7±6.2 days vs 5.5±5.7 days, P=0.2) and APACHE II score (25±5 vs 24±7 points, P=0.8) between patients who had PME and who did not. PMEs were more often performed on younger patients (68±15 vs 73±13 years, P=0.001). PMEs were more often performed on patients who died during night-shifts or at weekends (73 vs 38%, P=0.026). There was no difference in the number of major diagnostic procedures (echocardiography, coronary angiography, CT-scans, abdominal ultrasonography) between patients who underwent PME and those who did not (3.2±2.2 vs 3.4±1.9, P=0.7).
Major diagnostic discrepancies were detected in 20 patients (11.8%). There were four major class I discrepancies (2.4% of all autopsies) and 16 major class II discrepancies (9.4% of all autopsies). Patients with major class I discrepancies had a shorter ICU stay (1.0±0 vs 4.8±2.2 day, P=0.02) and had less diagnostic work-up (1.3±0.9 vs 3.9±2.0 major procedures, P=0.01) compared to patients with major class II discrepancies.
Analysis of individual data of patients with detected major class I discrepancy showed that all had a history of chronic disease, the majority (3/4, 75%) had short ICU LOS (resuscitation phase or stay less than 12 hours in ICU). In the majority (3/4, 75%) of patients with major class I discrepancies, tests appropriate to detect the disorder were performed. Massive pulmonary embolism with cardiac arrest was the major class I discrepancy (3/4, 75%). In one case of massive pulmonary embolism, echocardiography was not performed at all: in two cases patients had a complex clinical situation with pre-existing chronic obstructive pulmonary disease in one case and severe congestive heart failure in the second case. In both cases a physician with less than five years of ICU experience, not adequately trained to perform emergency TOE, was satisfied with the findings of TTE. These factors led to the wrong interpretation of complex cases of cardiac arrest during cardio-pulmonary resuscitation (CPR).
In one patient who had an out-of-hospital cardiac arrest due to ventricular fibrillation in the context of ST elevation myocardial infarction, coronary stent thrombosis after successful primary percutaneous coronary intervention was not detected. An ECG was first recorded at admission to the emergency department. The next ECG was recorded after the primary percutaneous coronary intervention and admission into the ICU. Continuous ECG of S-T segments was not monitored before ICU admission. After ICU admission, ST elevation persisted despite successful coronary intervention. This was a case of wrong interpretation of the right data, since the test was not performed at the right time (ECG immediately after opening of culprit artery should show partial ST-T segment resolution). The triad analysis of individual data of patients with major class II discrepancy showed that a majority had chronic disease (11/16, 69%), and the majority had an ICU LOS of less than 24 hours (12/16, 75%). No tests/no correct tests were performed in more than half of these cases (9/16, 56%). Abdominal ultrasonography was not diagnostic (no correct test) in five patients with critical abdominal disorders (thrombosis of superior mesenteric artery with gut ischaemia/infarction in cardiogenic shock supported with intra-aortic balloon pump; haemothorax was interpreted as chronic fluid using echo in a patient with liver cirrhosis; thrombosis of the superior mesenteric artery with gut ischemia/infarction in a patient with septic shock of unknown origin; intra-abdominal haemorrhage after endoscopic papillotomy in a septic patient with acute cholangitis; acute necrotising pancreatitis in distributive shock). ECG was not the correct test in two patients with late-stent thrombosis. TTE and TOE should have been performed in two emergency cases during CPR of patients with major class II discrepancies (perforation of the free wall of the right ventricle with a pacemaker electrode in a patient with STEMI during CPR and a subacute endocarditis of an aortic valve implant in a chronic heart failure patient, respectively).
The analysis of the individual cases of major class II discrepancies is as follows:
• Chest X-ray was not the correct test to detect a broncho-oesophageal fistula due to carcinoma in a septic patient with pneumonia. • Subdural haematoma in a septic patient was missed because CT was not performed (no adequate test for problem detection). • Brain CT was not diagnostic for subarachnoid bleeding in comatose patient, because there was wrong interpretation of right data due to an atypical presentation. • Acute upper urinary tract infection and sepsis in a patient with acute coronary thrombosis and chronic heart failure was not diagnosed; however abdominal ultrasonography showed dilatation of ureter (correct test was performed, but there was wrong interpretation of data due to atypical presentation). • MEN II (bilateral phaeochromocytoma and thyroid carcinoma) was not diagnosed in a patient with suspected acute myocarditis and cardiovascular failure (no correct test was performed). • Thrombosis of the left internal cartoid artery and cerebral infarction in a patient with coma was not diagnosed, because brain CT without angiography was performed. This was classified as correct test with wrong interpretation due to inexperience of the ICU physician. • Thrombosis of the right internal cartoid artery in a patient with pulmonary embolism and coma was not diagnosed because no correct test was performed.
DISCUSSION
This study demonstrates that despite the availability of sophisticated diagnostic tests, autopsy might still be an important source of data for education and quality control in the care of the critically ill patient. A triad algorithm for analysing individual cases of discrepancy between ante-and post-mortem findings has practical clinical value in our ICU. The current study also shows the importance of bedside ultrasonography, especially in emergencies.
On one hand, TTE/TOE is underused in emergencies and CPR situations; on the other hand abdominal ultrasonography, where results can be misleading, is relied on too much. In more than half the cases (56%) with a major class II discrepancy, there was a significant problem in clinical decision making because no test (4/16, 25%) or no correct test (5/16, 31%) was performed to reveal the cause of the clinical state.
The overall rate of major discrepancies in our study is within the range of previous reports from different ICUs. Fernandez-Segoviano et al 19 found major class I and II discrepancies in 20% of cases. Mort and Yeston 11 found discrepancies between clinical and post-mortem diagnosis in 41% of autopsies. In a retrospective study, Podbregar et al 16 reported class I discrepancies ranging from 8.75 to 10.5%. Nadrous et al reported that class I discrepancies ranged between 0% in neurological ICU to 7% in medical ICU; transplant recipients are especially likely to have occult conditions for which additional therapy might be indicated 20 . Tai et al 21 reported discrepancies in 19.8%: age, gender, disease severity score and the length of ICU stay were not associated with diagnostic discrepancy. However, in a recent report a shorter ICU LOS was associated with more major discrepancies, as in our report 14 .
Over the past few decades a range of apparently very accurate diagnostic techniques have become available for clinical use. It could be argued that the sensitivity of these modern diagnostic methods, such as CT, magnetic resonance, scintigraphic imaging and molecular biology, would reduce diagnostic errors to such an extent that autopsies would become unnecessary. Undoubtedly, this is incorrect. Goldman et al in a non-ICU specific post-mortem study 18 reported diagnostic errors during the 1960s, 1970s and 1980s, witnessing the development of these technological advances, and found no differences in the error rate or in the conditions associated with errors between the three above stated periods. More recently Sonderengger-Iseli et al 22 analysed the diagnostic error rate during three different years, each a decade apart (1972, 1982 and 1992) . Errors appeared to have decreased from 30% in 1972 to 14% in 1992, probably because of improved clinical skills and new diagnostic procedures. Cases that are likely to have major unexpected discrepancies at autopsy cannot be identified reliably by the physician caring for the patient or by considering particular clinical findings. Past evidence of the physician's ability to identify cases for high-yield autopsies has been inconclusive. One study found that major unexpected findings were more common when physicians were less confident about their diagnosis 23 , but this result was not confirmed in another study 15 . No level of clinical diagnostic certainty could predict the pathological findings in our previous report 16 .
Cognitive errors occur at all steps of the diagnostic process 24 . Four kinds of cognitive errors are identified: omission, premature conclusion, inadequate synthesis and wrong formulation 25 . Omission and inadequate synthesis are negatively correlated with the degree of training of the treating physician and lead to false negative diagnosis. Premature conclusion is independent of clinical experience but correlates with overconfidence in findings and is associated with false positive diagnoses. A correct diagnosis requires a complex interaction of clinical cognition and diagnostic testing. Diagnostic testing with high sensitivity and specificity is necessary but not sufficient for a correct diagnosis. The selection and interpretation of the tests, as well as clinical cognition before and after diagnostic procedures have to be as accurate as the tests 19 .
The autopsy is generally useful in assessing the accuracy of diagnostic tests. In our particular setting, it is even more important for assessing the reliability of diagnostic tests, especially when dealing with techniques that are operator-dependent.
An excellent review supporting autopsies as a 'gold standard' by which one can measure the accuracy of current diagnostic technologies and define their limits was written by Esteban and Fernandez-Segoviano 26 . Examples supporting the latter include all areas of diagnostic techniques used in the critical care setting. For example, a diagnosis of fungal pneumonia was missed by an open lung biopsy in one-third of patients 27 . In general, we still need the autopsy to assess the sensitivity and the specificity of techniques such as echocardiography, even when they are used in conditions that are apparently easy to diagnose, such as those affecting the pericardium 28 . The same applies to the diagnosis of acute myocardial infarction by electrocardiography 29 . Results of our study confirm the previous report of Gambino et al 30 , who reported that there were major unexpected findings that had been missed due to no correct or misleading diagnostic tests in 40 (9%) of 428 consecutive autopsies studied.
In our ICU, a step-up diagnostic work-up, starting with abdominal ultrasonography and if necessary proceeding to CT, is usually applied. The abdominal ultrasonography, regularly used in the ICU setting and performed by a radiologist trained in abdominal ultrasonography, was not accurate enough for detecting problems such as abdominal origin of sepsis and frequently gave misleading results. Accuracy of ultrasound in detecting intra-abdominal abscesses ranges between 40 and 90% and depends on many factors (patient's size, the location and size of the lesion, clinical experience and skill of the operator). Therefore use of a technique with less potential intra-observer disagreement such as CT is recommended. Abdominal CT has good interobserver agreement in unselected patients with acute abdominal pain at the emergency department 31 . The overall agreement on diagnoses was good, with a median kappa of 0.66. Kappa values were excellent, with median kappa values of 0.84, 0.90 and 0.81, for appendicitis, diverticulitis and bowel obstruction respectively. However CT, which has a specificity of 92% for diagnosing fungal liver infections, has only 23% sensitivity. Similar figures have been reported for the use of ultrasonography for the same diagnosis (specificity 93%, sensitivity 43%) 32 .
The combined use of CT, ultrasound and nuclear investigations could improve our ability to detect origins of sepsis 33 . Our approach is based on the premise that CT can detect more urgent diagnoses than ultrasonography in patients with acute abdominal pain: sensitivity is 89% (95% confidence interval 87 to 92%) for CT and 70% (95% confidence interval 67% to 74%) for ultrasonography (P <0.001) 34 . A conditional strategy, with CT performed only after negative or inconclusive ultra-sonography, yielded the highest sensitivity, missing only 6% of urgent cases. With this strategy, only 49% (46 to 52%) of patients would undergo CT. Alternative strategies guided by body mass index, age or location of the pain would all result in a loss of sensitivity.
A typical example of an operator-dependant diagnostic procedure is echocardiography. In cases of shock with elevated central venous pressure we usually start noninvasive evaluation with TTE. If Anaesthesia and Intensive Care, Vol. 39, No. 6, November 2011 there is acute right heart pressure overload, thromboemboli in transit can be detected. However, before aggressive high risk treatment such as thrombolysis, it is necessary to confirm massive thromboembolism. TOE is highly specific (100%) and sensitive (92%) for visualising thrombemboli in central pulmonary arteries in shock with a dilated right ventricle 17 . With TOE, an open foramen ovale with a right-left shunt and different types of thromboemboli can be detected: even 'lysibility' of thrombemboli could be predicted [35] [36] [37] . Experienced operators can perform TOE in less than five minutes in a spontaneously breathing shocked patient; this can shorten time to starting thrombolysis and improve survival as shown previously 38 .
The autopsy rate (45.6%) in our study was relatively high. A high autopsy rate is necessary to ensure quality assurance of our clinical practice and to define areas of deficient diagnostic ability 39 . Only in this way can we implement the appropriate measures to improve patient care.
In the present study an innovative triad algorithm was constructed, because in every day practice and in analysing individual discrepancies between ante-and post-mortem findings, advanced statistical methods are less important. The triad algorithm is based on the idea that all living and developing systems have at least three ways to develop further, compared to binary systems which have no potential for diversity (for example, dead or alive).
Results of this study have had the following practical consequences for our ICU organisation and quality control: 1. We have increased supervision and ordered additional training with TTE/TOE especially for the younger ICU physicians and trainees. TTE/ TOE recorded data are reviewed at ward rounds. 2. Our old ICU monitoring system was recently replaced with a monitoring system which allows continuous ECG ST-T segment monitoring. It is planned to upgrade the monitoring system in the emergency department and in the catheterisation laboratory, which would enable continuous ECG ST-T segment monitoring starting upon admission and ending at ICU/cardiology department discharge. 3. Using our PME data, we convinced the radiology department to proceed with CTs in patients with non-diagnostic abdominal ultrasonography when clinically indicated.
Our study has some limitations. Although we tried to minimise the subjectivity in classifying particular cases according to modified Goldman's criteria by reaching consensus at clinical-pathological meetings, the concept of avoidable death (fatal, but probably treatable errors/major discrepancies) should be considered only in relative terms. The assignment of avoidable death in particular cases depends on various factors such as variations in the professional skills of the consulting and attending physicians, the perception of the cost-benefit ratio with a certain diagnostic investigation and the 24 hours availability of diagnostic and therapeutic procedures. Therefore, the assignment of avoidable death can vary among institutions.
CONCLUSION
This study demonstrates that despite the availability of sophisticated diagnostic tests, autopsy can still be an important source of relevant data for education and quality control in critically ill patients. The triad algorithm for individual analysis of discrepancies between ante-and post-mortem findings provides practical useful data to improve the quality of care. Bedside diagnostic tools such as TTE/TOE should be used in most clinical situations, provided the operators are well trained and supervised during, as well as after, training. Data provided by abdominal ultrasonography should be used with caution, especially in the critically ill.
